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It is well known that Majorana neutrinos have a pure axial neutral current interaction while Dirac neu-
trinos have the standard vector-axial interaction. In spite of this crucial difference, usually Dirac neutrino 
processes differ from Majorana processes by a term proportional to the neutrino mass, resulting in al-
most unmeasurable observations of this difference. In the present work we show that once the neutrino 
polarization evolution is considered, there are clear differences between Dirac and Majorana scattering 
on electrons. The change of polarization can be achieved in astrophysical environments with strong mag-
netic ﬁelds. Furthermore, we show that in the case of unpolarized neutrino scattering onto polarized 
electrons, this difference can be relevant even for large values of the neutrino energy.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.There are still many open questions in particle physics, and 
many of these involve the leptonic sector: what is the neutrino 
mass scale and the neutrino mass hierarchy? why is the neutrino 
mixing matrix so different from quarks? is there CP violation in 
the neutrino sector? Is the neutrino a Dirac or a Majorana par-
ticle? Pontecorvo called this last question the central problem in 
neutrino physics. If neutrino is a Majorana particle, then the neu-
trino is identical to its own antiparticle. If this is the case, the 
neutrinoless double beta decay is possible [1]. If such a process 
is experimentally observed, it will be an undoubted signal of the 
Majorana nature of the neutrino [2]. If, on the other hand, the neu-
trino is a Dirac particle, then the antineutrino is a different particle 
than the neutrino.
There is another crucial difference between Dirac and Majorana 
neutrinos [3–5]. If we consider the neutrino–electron scattering, 
either Dirac or Majorana, the effective Lagrangian at low energies 
can be written as:
Lνe = GF√
2
[
u¯νγ
μ
(
1− γ 5)uν][u¯eγμ(gV − gAγ 5)ue], (1)
where the coupling constants are given by
gV = −
1
2
+ 2 sin2 θW + δle, gA = −
1
2
+ δle,
 = e,μ, τ . (2)
* Corresponding author.
E-mail address: delepine@ﬁsica.ugto.mx (D. Delepine).http://dx.doi.org/10.1016/j.physletb.2014.11.008
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.The amplitude for the neutrino–electron scattering in the Dirac 
case is:
MD(νe → νe)
= −i G F√
2
[
u¯ fe γ
μ
(
gV − gAγ 5
)
uie
][
u¯ fνγμ
(
1− γ 5)uiν], (3)
while in the Majorana case, since the neutrino is its own antipar-
ticle, the amplitude will be:
MM(νe → νe)
= −i G F√
2
[
u¯ fe γ
μ
(
gV − gAγ 5
)
uie
]
× [u¯ fνlγμ(1− γ 5)uiν − v¯ fνγμ(1− γ 5)viνl]. (4)
If the neutrino is a Majorana particle, then the following identity 
is valid:
v¯ fνγμ
(
1− γ 5)viν = u¯ fνγμ(1+ γ 5)uiν , (5)
hence, the amplitude in the Majorana case will be
MM(νe → νe)
= i 2GF√
2
[
u¯ fe γ
μ
(
gV − gAγ 5
)
uie
][
u¯ fνlγμγ
5uiνl
]
. (6)
It is clear that Eq. (3) is very different from Eq. (6). Nevertheless, 
the neutrino mass is extremely small (mν < 2 eV [6]), thus these 
are almost completely chiral states, that is, almost fully polarized  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
344 J. Barranco et al. / Physics Letters B 739 (2014) 343–347Fig. 1. Difference between the Majorana and Dirac neutrino–electron elastic scattering for a longitudinal polarization 1 + s‖ = 10−9 and a neutrino mass mν = 1 eV. Inner 
ﬁgure shows a zoom for low neutrino energies.particles due to the left-handed nature of the charged weak inter-
action. For this reason, an extra state preparation factor (1 − γ5)/2
is usually added such that Eqs. (3) and (6) become identical [3]. 
The additional preparation factor is true if the neutrino mass is 
zero, but once the neutrino mass is incorporated, the neutrino is 
not completely polarized. Indeed, for instance, for the pure lep-
tonic decay of a pseudoscalar meson P+ → + + ν , the neutrino 
longitudinal polarization is a function that depends on the neu-
trino mass [7]:
P long =
(E − W )|k|
W E − |k|2 , (7)
with W and E the energies of the charged lepton  and the 
neutrino, respectively. Here k is given by m2ν = m2P + m2 −
2mP
√
m2 + |k|2, mP the mass of the pseudoscalar meson and 
m the lepton mass and mν the neutrino mass. For a neutrino 
mass of 1 eV, the polarization differs from a completely left-
handed lepton in one part in a billion, thus, the prescription of 
adding a preparation factor seems reasonable. Nevertheless, since 
we are in the high precision test of the Standard Model era, it 
is reasonable to evaluate the differences between the Dirac and 
Majorana neutrino–electron scattering cross sections considering 
that neutrinos are highly polarized but not completely polarized. 
A straightforward calculation of the neutrino–electron scattering 
ν(pν, sν) +e(pe) → ν(p′ν) +e(p′e), with the incident neutrino po-
larization vector deﬁned as sν = (0, s⊥, 0, s‖) in the neutrino rest 
frame, gives in the Dirac case [3]:
dσ D
dΩ
= G
2
F
8π2s
((
m2e
(
Eν − p2 cos θ
)(
g 2A − g 2V
)
+ (Eν Ee + p2)(gV + gA)2
+ (Eν Ee + p2 cos θ)2(gV − gA)2
− p[s1/2(Eν Ee + p2)s‖(gV + gA)2 + (Eν Ee + p2 cos θ)
× ((Ee + Eν cos θ)s‖ +mν s⊥ sin θ cosφ])(gV − gA)2
+me
(
Eν(1− cos θ)s‖ −mν |s⊥| sin θ cosφ
)
× (g 2 − g 2V ))), (8)Awhile in the Majorana case it is given by [3]:
dσM
dΩ
= G
2
F
4π2s
(((
Eν Ee + p2
)2 + (Eν Ee + p2 cos θ)2
+mν
(
E2ν − p2 cos θ
))(
g 2V + g 2A
)
+m2e
(
E2ν − p2 cos θ + 2m2ν
)(
g 2A − g 2V
)
− 2gV gA p
(
2Eν Ee + p2(1+ cos θ)
)
× (Eν s‖(1− cos θ) −mν |s⊥| sin θ cosφ)). (9)
In both cases, the variables Ee, Eν, θ, φ and p refer to center of 
mass (CM) quantities and s the Mandelstam variable.
In order to quantify any difference between the Majorana and 
the Dirac cases, we deﬁne the function
D
(
E labν , s‖
)= |σ(ν
D
pole) − σ(νMpole)|
σ(νDpole)
, (10)
where we have integrated Eqs. (8) and (9) over the CM angles and 
we have changed from the CM frame to the laboratory frame. This 
difference is shown in Fig. 1 and it summarizes a long discussion 
about the possibility of distinguishing Dirac from Majorana neutri-
nos in neutrino–electron scattering processes [3,8–10]: for terres-
trial experiments where neutrinos are produced via charged currents, it 
is extremely diﬃcult to observe signiﬁcant differences between Dirac and 
Majorana neutrinos. Indeed, as can be seen in Fig. 1, for detectable 
neutrino energies, the difference is negligible. It becomes signif-
icant only for unreasonable (of the order of eV) energies of the 
neutrino.
Despite this fact, it is important to remember that neutrinos 
can forget its chiral origin. Indeed, any particle possessing a mag-
netic moment, as the neutrino does, interacts with external elec-
tromagnetic ﬁelds and consequently, its spin may rotate around 
the direction imposed by this external ﬁeld. Furthermore, neu-
trinos can have a non-negligible magnetic moment μν . Actually, 
current experimental constraints only gives a superior bound on 
the neutrino magnetic moment, μν < 3.2 × 10−11μB [6] with μB
the Bohr magneton. This limit is very big as compared with the 
expected neutrino magnetic moment that can arise from radiative 
corrections in the Standard Model. For example, for a Dirac neu-
trino μν ∼ 3 ×10−19( mν1 eV )μB [11]. Hence, the spin of the neutrino 
could have a precession.
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and 2% (black dashed line).In the past, this spin precession has been used as a mecha-
nism to probe the Majorana nature of the neutrino [12,13], but 
those works have focused on a complete transition from a Ma-
jorana neutrino to an antineutrino due to the spin precession. 
The non-observation of solar antineutrinos in KamLAND has de-
rived an upper limit on the neutrino magnetic moment only μν <
5 × 10−12μB [14].
We will show, that contrary to those previous attempts, it is 
not necessary to have a completely ﬂipped neutrino, that is an an-
tineutrino, to have observable differences between the Dirac and 
Majorana neutrinos. This can be observed by re-evaluating Eq. (10)
for different values of the neutrino longitudinal polarization s‖ . In-
ner plot of Fig. 2 shows the function D(E labν , s‖) for different values 
of s‖ . As it can be seen, the value of the neutrino energy where a 
signiﬁcant difference between Dirac and Majorana scattering cross 
section appears is a function of s‖ . In Fig. 2 we show the value 
of the neutrino energy for two cases: when the difference is 10%
(solid red line) and 2% (dashed black line). As it can be seen, there 
is an asymptotic value of s‖ where this difference is reachable for 
current neutrino detectors. In the ﬁrst case, it is needed that the 
neutrino forgets its chiral origin almost 25%, while a more pre-
cise experiment able to detect astrophysical neutrinos with a 2%
accuracy will need only a 5% deviation in the neutrino’s original 
helicity.
What is the magnetic ﬁeld needed in order to have such 
changes in the neutrino’s helicity? In order to estimate this, we 
recall previous studies where the depolarization rate of neutrinos 
was calculated [15–17]. In the case of a random distribution of 
electromagnetic ﬁelds, the average neutrino’s helicity 〈h〉 changes 
as dictated by the equation 〈h(t)〉 = exp(−Γdepol)〈h(0)〉, where
Γdepol = 0.0132μ2ν T 3, (11)
μν the magnetic moment of the neutrino [17]. Another source for 
neutrino spin depolarization is produced by the interaction with a 
large scale magnetic ﬁeld. For this case, the depolarization rate is 
given by
ΓB = 4μ
2
ν B
2D
ω2 + 4μ2 B2 , (12)refr νwhere B is the external magnetic ﬁeld. For electron neutrinos, 
ωrefr  1.1 × 10−20(T /MeV)4〈p0〉, p0 the neutrino energy, and 
D  2.04G2F T 5 [17].
Let us focus in the case of a random distribution of magnetic 
ﬁelds, Eq. (11). In Fig. 3 we have plotted the depolarization dis-
tance λdepol = 1/Γdepol as a function of the neutrino magnetic mo-
ment. Solid black line is for a complete depolarization while red 
dashed line for a 5% change in the average neutrino helicity. This 
is for a temperature of T = 20 MeV. Dotted lines represent typical 
astrophysical objects. The solar radius has been plotted just as a 
reference distance. The temperature in the core of the Sun is just a 
few keV, and then Eq. (11) is not valid for those low temperatures.
Moreover, Fig. 3 implies that other neutrinos produced in dif-
ferent astrophysical objects could in principle be depolarized if the 
neutrino magnetic moment is relatively large compared to the SM 
prediction.
Since neutrinos can have a broad distribution of spin polariza-
tion, ﬁnally, let us consider the extreme case where neutrinos are 
unpolarized and compute the neutrino–electron elastic scattering. 
As previously noted [10], in this case the corresponding matrix el-
ements for Dirac and Majorana neutrinos are completely different. 
Furthermore, as Eqs. (3) and (6) show, the difference increments as 
long as we maximize the axial contribution. In order to do that, we 
will consider that neutrinos are unpolarized and that the electron 
in the target is polarized. The possible use of polarized electrons 
in ν–e elastic scattering has been previously proposed in order 
to look for other non-standard neutrino interactions, as the neu-
trino magnetic moment itself [18], or possible C P violation signals 
[19] among other different motivations [20]. An eﬃcient Polarized 
Electron Target (PET) can be obtained applying strong, although 
realistic, magnetic ﬁelds to the detector [18,19]. Putting aside for 
the moment the technical diﬃculties in order to have such PET 
detector, here we will show that the electron polarization could 
enhance the difference between Dirac and Majorana neutrinos as 
long as neutrinos had lost their initial polarization due to an inter-
action of the neutrino with external magnetic ﬁelds in some wild 
astrophysical environment.
To take into account the electron polarization, we used the 
Michel–Wightman [21] formalism. For the evaluations we used the 
laboratory frame, in which the electron is at rest and the elec-
tron polarization vector angle ξ is given respect to the direction of 
346 J. Barranco et al. / Physics Letters B 739 (2014) 343–347Fig. 3. Depolarization distance for a random distribution of magnetic ﬁelds as a function of the neutrino magnetic moment. Solid black line is for a complete depolarization 
while red dashed line for a 5% change in the average neutrino helicity. Dotted lines represents typical astrophysical objects: The solar radius, the size of an Active Galactic 
Nuclei (AGN), a Super Nova Remnant (SNR), the size of the galaxy disk and the galaxy halo. We have assumed T = 20 MeV. Solar radius is given just as a reference distance, 
in case a hypothetical hot object with such radius could emit large amount of neutrinos.
Fig. 4. Difference for the neutrino–polarized electron scattering for a ﬁxed value of the target electron polarization as deﬁned by Eq. (15).the incoming neutrino (that we choose to be z): se = (0, s⊥, 0, s‖), 
s‖ = cos ξ .
In the following we give the expressions for the differential 
cross section for the elastic scattering of ν–e considering the tar-
get electrons can be polarized in any direction. We will keep the 
dependence on the angle s‖ = cos ξ with respect to the incoming 
neutrinos direction explicitly.
We have neglected the neutrino mass, since the changes in the 
cross sections due to the inclusion of the neutrino mass are very 
small.
We arrive to the Dirac neutrino–polarized electron elastic scat-
tering:
dσ(νD epol)
dTe
= G
2
Fme
2π
[(
gA − gV
)2
(1− s‖)
(
1− Te
E labν
)2
+ (1+ s‖)
((
gA + gV
)2 + (g 2A − g 2V )meTelab 2
)
Eν+ (gA − gV )2s‖
(
1− Te
E labν
)
meTe
E2ν
]
. (13)
Here, we have chosen the laboratory frame, with Te the electron 
recoil energy as it was done in [18], and our results match. Recall 
gA, g

V are deﬁned in Eq. (2). On the other hand, in the Majorana 
case, the neutrino–polarized electron cross sections is given by:
dσ(νM epol)
dTe
= G
2
Fme
2π
[
2
(
g 2A + g 2V
)(
1− Te
E labν
)2
+ 2(g 2A + g 2V )+ 2(g 2A − g 2V )meTeE lab 2ν
+ 4gA gV s‖
(
1+
(
1− Te
lab
)2
−
(
1− Te
lab
)
meTe
lab 2
)]
. (14)Eν Eν Eν
J. Barranco et al. / Physics Letters B 739 (2014) 343–347 347Fig. 5. Electron polarization needed to have signiﬁcant differences between Dirac and Majorana cross sections for unpolarized neutrinos as a function of the incoming neutrino 
energy.After an integration over the electron recoil energy, 0 < Te <
2E lab 2ν
me+2E labν we can compute the difference:
Depol
(
E labν , s‖
)= |σ(νDepol) − σ(νMepol)|
σ(νDepol)
, (15)
for different values of the electron polarization. An explicit exam-
ple is shown in Fig. 4.
It is remarkable that an appreciable difference is obtained for 
detectable energies of the incoming neutrino.
Actually, in the case of unpolarized neutrinos that scatter on 
polarized electrons there could be differences as big as twice 
the cross section, i.e. Depol(E
lab
ν , s‖) > 1, for certain values of 
the neutrino energy and the degree of polarization of the tar-
get electrons. This is illustrated in Fig. 5, where we have plotted 
isocurves of Depol(E
lab
ν , s‖). Although this extreme case is reach-
able only for extremely low energetic neutrinos. Nevertheless, the 
case Depol(E
lab
ν , s‖) > 0.25, i.e. differences of at least 25% are ex-
pected for a wide range in the electron polarization and neutrino 
energy.
In summary, we have shown that once the neutrino polariza-
tion evolution is considered, there are clear differences between 
Dirac and Majorana scattering on electrons. This change in the 
evolution of the helicity is possible due to the existence of a 
neutrino magnetic moment. The change of polarization can be 
achieved in astrophysical environments with magnetic ﬁelds if the 
neutrino magnetic moment is bigger that the expected SM pre-
diction but smaller than the current experimental limit. This he-
licity change could be strong enough to completely unpolarized 
the neutrino. Furthermore, we show that in the case of unpo-
larized neutrino scattering onto polarized electrons, this differ-
ence can be relevant even for larger values of the neutrino en-
ergy.Acknowledgements
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